Purpose: In this study, we investigated the labeling efficiency and magnetic resonance imaging (MRI) signal sensitivity of a newly synthesized, nano-sized iron oxide particle (IOP) coated with polyethylene glycol (PEG), designed by Industrial Technology Research Institute (ITRI). Procedures: Macrophages, bone-marrow-derived dendritic cells, and mesenchymal stem cells (MSCs) were isolated from rats and labeled by incubating with ITRI-IOP, along with three other iron oxide particles in different sizes and coatings as reference. These labeled cells were characterized with transmission electron microscopy (TEM), light and fluorescence microscopy, phantom MRI, and finally in vivo MRI and ex vivo magnetic resonance microscopy (MRM) of transplanted hearts in rats infused with labeled macrophages. , respectively. TEM and microscopic images indicate the uptake of multiple ITRI-IOP particles per cell for all cell types. ITRI-IOP provides sensitivity comparable or higher than the other three particles shown in phantom MRI. In vivo MRI and ex vivo MRM detect punctate spots of hypointensity in rejecting hearts, most likely caused by the accumulation of macrophages labeled by ITRI-IOP. Conclusion: ITRI-IOP, the nano-sized iron oxide particle, shows high efficiency in cell labeling, including both phagocytic and non-phagocytic cells. Furthermore, it provides excellent sensitivity in T 2 *-weighted MRI, and thus can serve as a promising contrast agent for in vivo cellular MRI.
Introduction
C ellular magnetic resonance imaging (MRI) is a rapidly growing field that aims to visualize and track cells in living organisms [1] [2] [3] . Iron-oxide-based cellular MRI is one of the most sensitive techniques for tracking cells and monitoring cell therapies [4] [5] [6] [7] . Because of the highmagnetic susceptibility effect induced by iron, labeled cells can be distinguished from the surrounding tissues as areas of hypointensity or dark spots on T 2 *-weighted magnetic resonance (MR) images. The hypointense image contrast, or the susceptibility effect, is dependent on the amount of iron in each labeled cell, as well as the number and distribution of labeled cells.
There have been numerous studies using a variety of iron oxide particles to label and track cells in vivo by MRI. Dendritic cells [6] , progenitor cells [7] , stem cells [8] , tumor cells [9] , and macrophages [10] [11] [12] [13] [14] , have all been labeled with nano-sized ultrasmall superparamagnetic iron oxide (USPIO; ≤30 nm in diameter) or superparamagnetic iron oxide (SPIO; 30-200 nm in diameter) particles to monitor their migration and bio-distribution after implantation or intravenous infusion in animals or humans. Recently, micron-sized superparamagnetic iron oxide (MPIO) particles have gained attention for detecting single cells in vivo by MRI, because each MPIO has a high iron content, and phagocytic cells can be efficiently labeled and distinguished by ingesting much fewer MPIO compared with smaller size particles [2, 15, 16] .
There are two strategies to label cells for MRI detection. One is clinical convenient in vivo or in situ labeling of direct intravenous infusing of iron oxide particles, which mainly labels the phagocytic cells in the reticuloendothelial system (RES). The other one is in vitro labeling, namely, isolates target cells, labels them in culture, and implants them back. The latter fits all kind of cell types, particularly for these non-phagocytic cells, such as stem cells, that cannot be readily labeled in the RES system in situ. In vitro labeling also ensures high cell specificity, high iron internalization in single cells and thus more sensitive for MRI, because each cell is exposed to more intense iron concentration compared with the in vivo labeling environment. Furthermore, in vitro labeling can provide straightforward information on labeling efficiency and the quantitative iron content in each cell.
The labeling efficiency and intracellular iron content are determined by the cell types and the properties of iron oxide particles including the size, surface coating, and charge. For the commonly used and clinically applicable USPIO or SPIO, it is still relatively difficult to obtain a high-enough intracellular iron content to visualize labeled cells in vivo, especially for the non-phagocytic cells and the in vivo labeling strategy. To increase the sensitivity of MRI in detecting both phagocytic and non-phagocytic cells, a lot of efforts have been devoted to amplify the intracellular iron uptake through in vitro labeling. Extra procedures, such as HIV-TAT peptide [17] , transfection agents [8, 18] , receptormediated endocytosis [19] , or electroporation [20, 21] , have been applied to facilitate the cell labeling. It is highly desirable to have an iron oxide particle that can readily label different cell types by simple co-incubation and also provide sensitive cellular MRI signal.
In this study, we have investigated the labeling efficiency and MR signal sensitivity of a newly synthesized, polyethylene glycol (PEG)-coated, nano-sized iron oxide particle (IOP) [22] , which exhibits high transverse relaxivity and can serve as a very promising T 2 * contrast agent for cellular MRI. Both phagocytic macrophages and dendritic cells, as well as non-phagocytic bone-marrow-derived mesenchymal stem cells (MSCs) isolated from rat were labeled in vitro with ITRI-IOP without the use of transfection agents or electroporation. The labeling efficiency and MRI signal sensitivity were compared with cells labeled with other commonly used iron oxide particles. Furthermore, using a rat heart transplantation model of acute rejection, the accumulation of macrophages labeled with ITRI-IOP was detected at the rejecting sites by in vivo MRI, providing image sensitivity comparable to that of MPIO.
Materials and Methods

Iron Oxide Particles
PEG-coated ITRI-IOP was designed and synthesized at the Industrial Technology Research Institute (ITRI), Taiwan [22] . Briefly, 0.056 mol of FeCl 2 ·4H 2 O plus 0.11 mol of FeCl 3 ·6H 2 O and 400 mL of deionized water were stirred in a three-necked flask at 300 rpm and 25°C. 1 N (500 mL) NaOH solution was added. When the pH value reached 11-12, oleic acid was added and stirred for 30 min. A 6 N-HCl solution was then slowly added to adjust the pH value to about 1, precipitating oleic-acid-encapsulated iron oxide particles. The precipitate was collected, washed with deionized water eight to ten times to remove excess oleic acid, and dried under vacuum. The dried solid was redissolved in toluene and centrifuged at 6,000 rpm for 15 min. The dark solution was collected, and the residual solid was discarded. The oleic acid-ironoxide solution was transferred into a 1,000-mL round bottom flask. Then, methoxy-PEG (molecular weight of 2 kDa, 0.4 mol) and Nmethyl-2-pyrrolidone (250 mL) were put in, and the flask was placed under vacuum (20 Torr) for more than 2 h. Next, 0.48 mol of succinic anhydride and 0.159 mol of 4-dimethylamino-pyridine were added for reaction at 30°C for 2 days. After being cooled to room temperature, 0.48 mol of thionyl chloride was added, and the mixture was stirred for 2-3 h. Triethylamine (0.96 mol) was added to the solution, followed by 0.4 mol of 3-aminopropyl triethoxysilane, and the mixture was reacted overnight. The mixture was filtered to remove the precipitates, and the filtrate was precipitated with cold ether. The solid was dried under vacuum to produce a light brownish powder of ITRI-IOP.
The micron-sized MPIO particles (Catalog No. MC05F, labeled as 0.9 μm) were purchased from Bangs Laboratories (Fishers, IN). These particles consist of a styrene-divinyl benzene inert polymer microsphere containing a magnetite core as well as a fluorescent dye (Dragon Green). The SPIO particle, Feridex, was purchased from either Berlex (Montville, NJ) or Bayer HealthCare Pharmaceuticals Inc. (Wayne, NJ). The dextran-coated USPIO particles were synthesized in our laboratory as described previously [23] . The particles were prepared for cell labeling by washing with phosphate-buffered saline (PBS) followed by re-suspension in PBS at 1.0 mg Fe/mL.
Measurement of Particle Size
The iron core size of ITRI-IOP was determined by transmission electron microscopy (TEM; JEOL, 2100F, Japan). The hydrodynamic diameters of the iron oxide particles were measured using a Zetasizer Nano-z (Malvern Instruments, Malvern, UK) through dynamic light scattering (DLS). The iron concentration of all four types of particles was adjusted to approximately 0.01 mg/mL for the DLS measurements. Particularly, MPIO particles were measured immediately after being mixed by vortex. The size of ITRI-IOP particles was obtained in the same manner, but diluted in distilled water instead of PBS. The values reported for all samples are the peak intensity values.
Magnetic Resonance Relaxometry
The longitudinal relaxation time (T 1 ) and transverse relaxation time (T 2 ) were measured using a Bruker Minispec mq20 NMR Analyzer (20 MHz) at iron concentrations of 5-40 μg/mL for ITRI-IOP, 10-100 μg/mL for Feridex and USPIO, and 20-180 μg/mL for MPIO (measured immediately after vortexing) in water solution. The T 1 and T 2 values of pure water were also measured and included into the two-variable linear fit of relaxivity to generate very similar fitting intercepts (close to the relaxation rates of pure water) for all four types of iron oxide particles. The MR probe temperature was set at 25°C. T 1 measurements were performed by collecting 13-data points with inversion time starting from 2 ms using inversion recovery prepared spin-echo sequence. T 2 measurements were made by spin-echo sequence with the echo spacing of 0.12 ms. Both T 1 and T 2 were calculated by a mono-exponential fit. All T 1 and T 2 values were measured three times and averaged. The longitudinal (r 1 ) and transverse (r 2 ) relaxivities of the iron oxide particles were obtained as the slopes of the linear regression of the longitudinal relaxation rate R 1 (1/ T 1 ) or transverse relaxation rate R 2 (1/T 2 ) versus iron concentration, with the intercepts as close to the relaxation rates of free water as possible, while maintaining the best correlation coefficient at the same time given the systematic and random errors in the T 1 and T 2 measurements. Cell Culture, Flow Cytometry Analysis, and Cell Labeling Macrophages, dendritic cells, and MSCs were isolated from BN rats. For macrophages, the splenocytes were isolated by repeated division and perfusion of the spleens in a Petri dish. After the cells were separated from tissue using nylon mesh, the cell suspensions were initially centrifuged at 1,200 rpm for 6 min. Erythrocytes were then lysed by mixing the pellets with 2 mL of ACK (Hybri-Max® Sigma-Aldrich, St. Louis, MO) at room temperature for 3 min. The cells were then washed twice with PBS, re-suspended in RPMI complete medium (Gibco, LosAngeles, CA) at a concentration of 2×10 6 cells/mL, and then plated on plastic culture flasks at 37°C, 5% CO 2 , and 85% humidity for 1 h. Macrophages were isolated by decanting the culture medium and non-adherent cells, washed three times with fresh culture medium, and then harvested by gentle dislodging using a plastic cell scraper in fresh culture medium.
Bone marrow cells were flushed from femurs and tibias of the rats and subjected to red blood cell lysis. The cells were then plated at a density of 2×10 6 cells/mL in Petri dishes. Dendritic cells were generated in 10 mL of RPMI complete medium, supplemented with GM-CSF (1,000 U/mL), IL-4 (20 ng/mL), and TGF (20 ng/mL). Fresh medium and cytokines were added on day 4. On day 7, the non-adherent cells were collected, washed with PBS, and then continued to culture. We started the particles labeling for dendritic cells on day 9. MSCs that adhered to Petri dishes gradually proliferated to form colonies in Iscove's modified Dulbecco's medium (IMDM; Sigma-Aldrich Chemicals, St. Louis, MO), with 10% fetal bovine serum (Invitrogen, Carlsbad, CA), 100 U/mL penicillin G, 100 μg/mL streptomycin sulphate, and 0.25 μg/mL amphotericin B until they reached 80-90% confluence. The cells were then detached from the flasks by trypsinization, centrifuged at 1,600 rpm for 8 min and re-suspended in the medium for continuous culture until day 9.
Fluorescent-activated cell sorting (FACS) analysis was performed by flow cytometry (FACSCalibur, Becton Dickinson, Franklin Lakes, NJ) to examine the purity and phenotype of the cells studied. The cell suspension was adjusted to a concentration of 1×10 6 cells/mL in PBS solutions containing 1% fetal bovine serum and 0.1% sodium azide. After adding monoclonal antibodies at a concentration recommended by the manufacture, 30 min of incubation at room temperature, and two washing steps, the samples were subjected to FACS analysis. The following fluorochromeconjugated monoclonal antibodies were used: anti-rat ED1 (Cat#BM4000; Acris Antibodies GmbH, Herford, Germany) for macrophages; anti-CD11c (Becton Dickinson, Franklin Lakes, NJ) with anti-rat IgG isotype as control (Q5/13, Becton Dickinson, Franklin Lakes, NJ) for dendritic cells; and anti-CD166 (MAB1172), anti-CD105 (FAB1320P), anti-CD44 (FAB3660F), anti-CD29 Ab (FAB2405P), anti-MHC class I (FAB6118F), and anti-CD34 (FAB3346P) or an isotype-matched control (all from R&D system, Minneapolis, MN) for MSCs cells. The FACS for dendritic cells was performed on days 1, 3, 6, and 9 after plating and day 9 for MSCs.
The isolated macrophages, dendritic cells, and MSCs were each labeled with MPIO, Feridex, USPIO or ITRI-IOP iron oxide particles, respectively. 250 μg iron of various iron oxide particles was added to 10 mL of complete RPMI cell culture medium with a cell concentration of 2×10 6 cells/mL and incubated overnight at 37°C, 5% CO 2 , and 85% humidity. The culture medium was then removed, and the labeled cells were gently rinsed three times with additional medium to remove the free particles. The cells were dislodged under medium, washed three times with PBS and re-suspended in PBS at designated concentrations for future experiments.
To determine the effect of culture time on the cell uptake of iron oxide particles, cells were incubated under otherwise identical culture conditions for periods of 2, 6, 12, 24, or 48 h with all four types of iron oxide particles. At each time point, approximately 2×10 6 cells diluted in 1-mL culture medium were extracted for quantitative determination of iron content inside the cells using ferrozine-based spectrophotometry [24] . To further examine the cell characteristics after iron labeling, we have performed cell apoptosis analysis by propidium iodide staining [25] for macrophages labeled 24 or 48 h with ITRI-IOP. The viability of labeled and unlabeled (control) cells was evaluated by visible optical microscopy using trypan blue exclusion. Additionally, MTT assay of the macrophages and MSCs after being labeled with ITRI-IOP or any other three types of iron oxide particles at the determined optimal labeling time was also performed to test the cell viability and cytotoxicity of the contrast agents at iron concentrations of 25, 50, and 100 μg/mL, respectively [26] . At the same time, the cell labeling efficiency by all types of iron oxide particles was scrutinized under the light microscope. Perl's Prussian blue staining for iron was also performed to examine the presence of iron in the labeled cells.
Light and Fluorescence Microscopy of the Labeled Cells
To further investigate the cell labeling efficiency of ITRI-IOP, anti-PEG staining was also performed for the ITRI-IOP labeled cells as follows. Cells labeled with ITRI-IOP were washed twice and incubated overnight with a 1:200 dilution of primary anti-PEG AGP3 antibody (SR-66, courtesy of Dr. Steve R. Roffler). The cells were then washed twice with PBS, followed by staining with a fluorescence-conjugated goat anti-mouse IgG (FITC conjugated) under a 30-min incubation for immunofluorescence microscopy. These slides were then examined with light and fluorescence microscope (Leica DM IRE2 and TRB; Leica, Wetzlar, Germany) under the same field of view.
Transmission Electron Microscopy of the Labeled Cells
To determine the incorporation and location of iron particles in the labeled cells, 2.5×10 6 cells were pelleted, re-suspended, and fixed for at least 30 min in 500 μL 4% paraformaldehyde at room temperature. The cells were washed three times with PBS, postfixed in 0.5% OsO 4 for 15 min, and followed by three times washing with distilled water. The samples were then dehydrated using a gradient series of ethanol and infiltrated with Epon-Araldite resin. The samples for TEM images were sectioned at a 100-nm thickness on a Reichert-Jung Ultracut-E ultramicrotome. The sections were viewed on a Hitachi 7,100 transmission electron microscope at 50 keV. Images were recorded with an AMT Advantage 10 Image Acquisition System using a Kodak Megaplus 1.6i CCD camera system (1,024×1,024 TIFF format).
Ferrozine-Based Spectrophotometric Assay
To quantitatively determine the iron content in labeled cells, ferrozine-based spectrophotometry array was performed [24] . Approximately 2×10 6 macrophages, dendritic cells, or MSCs labeled with iron oxide particles were placed in Eppendorf tubes and mixed with 100 μL of 10 mM HCl. Then, 100 μL of a freshly mixed solution of 1.4 M HCl and 4.5% (w/v) KMnO 4 (volume 1:1) was added as iron-releasing reagent. The mixture was incubated for 2 h at 60°C within a fume hood. After the mixture had cooled to room temperature, 30 μL of the iron-detection reagent (6.5 mM ferrozine, 6.5 mM neocuproine, 2.5 M ammonium acetate, and 1 M ascorbic acid dissolved in water) was added to each tube for further incubation. After 30 min, 280 μL of the solution in each tube was transferred into a 96-well plate and the absorbance was measured at 550 nm on a microplate reader. Using a calibration curve of the absorbance vs. iron concentration, the iron concentration in the cell pellets was determined. The iron concentrations in the labeled cells were finally expressed as pg of iron per cell.
Magnetic Resonance Imaging Phantom Study
A total of 2×10 5 cells labeled with iron oxide particles and an equal number of control cells were suspended in 1 mL 1% agarose gel for MRI with a 11.7 T scanner, equipped with a Micro 2.5 gradient set (Biospec, Avance-DBX, Bruker, Billerica, MA). Gradient-echo imaging was acquired with the following parameters: repetition time (TR) = 600 ms, Echo time ðTEÞ ¼ 8:1 ms; flip angle ¼ Ernst angle; field of view ðFOV Þ ¼ 10 Â 10 mm; matrix size 128Â 128; 8 averages and a final voxel resolution of 78 Â78Â130 μm:
In Vivo MRI
The heterotopic rat heart transplantation model and animal preparation for MR imaging were the same as previously reported [2] . Rats were prepared for MRI on post-operation days (POD) 5 and 6 because we found that for our rat model, grade 2 rejection emerges on POD 5, and moderate to severe (grade 3A) rejection develops on POD 6 [2] . A femoral vein catheter was surgically inserted for the infusion of labeled macrophages on POD 5. Electrocardiography (ECG) leads were placed on the abdominal area to pick up the heart beat from the transplanted heart more effectively. ECG and respiration gated, single slice, short-axis view, gradient-echo MR images of the transplanted hearts at the midventricular level were performed at baseline before, immediately after (both on POD 5), and 24 h after (on POD 6) the infusion of 28×10 6 ITRI-IOP-or MPIO-labeled macrophages suspended in 800-μL PBS into the rat femoral vein via a PE10 tubing. We selected the injection of 28 million cells to demonstrate that the labeled macrophages can be detected in vivo in rejecting allograft heart with a pattern similar to that of MPIO labeling. A detailed report of additional in vivo studies will be published elsewhere. MRI studies were performed on a 4.7T, 40-cm bore Bruker AVANCE AV system (Bruker, Billerica, MA) equipped with a 12-cm diameter shielded gradient insert and a homebuilt surface coil. T 2 *-weighted gradient-echo images were acquired with the following parameters: TR ¼$ 1 s; TE 
Histopathological Analysis
After ex vivo MRM, the transplanted hearts were re-fixed in 4% paraformaldehyde and sent to the Transplantation Pathology Laboratory of the University of Pittsburgh Medical Center for histopathological analysis. The hearts were embedded in paraffin and sectioned into 5-μm slices in the short-axis view. The neighboring sections at the mid-ventricular level were stained with Hematoxylin-eosin (H&E) for examining the rejection status, Perl's Prussian blue for iron detection, and monoclonal anti-rat macrophage antibody ED1 (Serotec Ltd, Oxford, UK) for macrophages.
Results
Particle Size and MR Relaxivity
TEM shows the iron core of ITRI-IOP is around 10-15 nm (Fig. 1a) . DLS analysis of the peak intensity distribution for the USPIO, ITRI-IOP, Feridex, and MPIO particles indicates their average hydrodynamic diameters are 30.4, 62.5, 127, and 1,094 nm, respectively (Fig. 1b) . Relaxivity measurements at 0.47 T show that ITRI-IOP has much higher transverse relaxivity than the other particles studied: the longitudinal r 1 and transverse r 2 relaxivities are 22 (Fig. 1c) . It should be noted that the deviation of the intercept from the relaxation rate of free water when fitting the transverse relaxivity for MPIO could be caused by possible precipitation of the large particles, whereas the other small particles could form homogeneous suspension in water solution.
Cell Phenotype, Labeling Efficiency, and Particle Location in the Labeled Cells
Flow cytometry results show that the purities for macrophages, mature dendritic cells and MSCs cells were 99%, 88-92%, and 92-95%, respectively (Fig. 2) . The incorporation of multiple ITRI-IOP particles (the electron-dense areas in the images) into the phagocytic vacuoles of cultured macrophages is clearly illustrated in the TEM image (Fig. 3d) . The insert Fig. 3e shows a single lysosome (13,500× magnification), where the electrondense inclusions represent iron loading. The labeling efficiency of ITRI-IOP for macrophages was nearly 100%, and the diameter of individual particle was found to be consistent with the expected size range of the PEG-coated ITRI-IOP. It should be noted that the 100-nm slice of the cell undergoing TEM imaging represents only a small portion of the total volume of a single macrophage (diameter of 20 μm). Hence, an entire cultured macrophage is expected to have incorporated a much greater number of particles than are seen in the TEM image. Among the other three iron oxide particles studied, MPIO shows a comparable amount of iron oxide particles uptaken into the vacuoles of macrophages (Fig. 3a) . In contrast, similar-sized dextran-coated USPIO (Fig. 3c) show a much smaller amount of iron oxide particles, according to the electron density in the vacuoles of the macrophage. For the dendritic cells, similarly, MPIO (Fig. 3f) provided the densest lysosomal vesicles, indicating the most iron oxide particles incorporated; followed in order by ITRI-IOP (Fig. 3i) , Feridex (Fig. 3g) , and USPIO (Fig. 3h) . With regard to the non-phagocytic MSCs, MPIO (Fig. 3j) provided the most efficient iron incorporation, followed by ITRI-IOP (Fig. 3m) , Feridex (Fig. 3k) , and USPIO (Fig. 3l) . Though MPIO is the most effective particle in labeling MSCs, the cell viability of MSCs dropped to 88% after 24-hour incubation with MPIO at an iron concentration of 25 μg/mL. In contrast, the cell viability of MSCs was maintained at 96% after 24-h incubation with ITRI-IOP with the same iron concentration based on our MTT assay results (Fig. 4b) .
A systematic MTT assay of the viability of macrophages and MSCs after being labeled with ITRI-IOP and the other three types of iron oxide particles are shown (Fig. 4) . For macrophages labeled by ITRI-IOP, the viability was maintained above 90% for iron concentration up to 100 μg/mL (Fig. 4a) . In contrast, for the non-phagocytic MSCs, 90% or higher viability was only achieved under an iron concentration of 50 μg/mL for ITRI-IOP (Fig. 4b) . Generally, for the commonly used iron concentration of 25 μg/mL in cell labeling, ITRI-IOP and Feridex could achieve cell viability greater than 90% for both macrophages and MSCs; whereas the cell viability dropped below 90% when labeling with MPIO or USPIO (Fig. 4) .
After simple co-incubation with ITRI-IOP, the significant amount of iron uptake into cells can also be observed under light microscopy (Fig. 5) . Dark brown color indicates the heavy uptake of iron oxide particles by macrophages (Fig. 5a) . A light brown color is observed from the dendritic cells labeled by ITRI-IOP (Fig. 5b) , and an even lighter brown color is also shown in MSCs (Fig. 5c ). Light microscopy of macrophages stained with Prussian blue show that macrophages labeled with ITRI-IOP have very strong iron staining in the cytoplasm (Fig. 5d , iron is shown in blue color). Similarly, the blue staining for iron is also shown in the cytoplasm of dendritic cells (Fig. 5e) and MSCs (Fig. 5f ) labeled with ITRI-IOP. ITRI-IOP is coated with a PEG layer. Fluorescent anti-PEG mAb was also used to monitor the distribution and location of particles inside the cellular compartment. A representative image of the iron-laden macrophages exhibits bright green fluorescence (Fig. 6a) , indicating the uptake of the PEG-coated ITRI-IOP. The differences in the intensity of the fluorescence signal illustrate the variation of the number of ITRI-IOP taken up by each individual cell. By comparing the visible light (Fig. 6b) and fluorescence (Fig. 6a ) microscopy of the macrophages under the same field of view, it is clear that nearly every macrophage observed under visible light microscope has the corresponding fluorescence signals, implying the labeling efficiency of macrophages by ITRI-IOP is close to 100%.
Optimal Labeling Time with ITRI-IOP
To determine the effect of culture time on the uptake of iron oxide particles, cells were incubated with all four types of iron oxide particles (MPIO, Feridex, USPIO, and ITRI-IOP) under otherwise identical culture conditions for periods of 2, 6, 12, 24, or 48 h (Fig. 7) . At 6 h, the macrophages already showed a significant increase of the iron uptake (Fig. 7a) . At 12 h, the maximum level of incorporation was achieved for all four types of particles. The similarly high iron uptake in macrophages can be maintained over a 24-h period of time for ITRI-IOP. After that, at the 48-h time point, the level of incorporation rapidly went down to 20-25% of the 24-h level (Fig. 7a) . Flow cytometry results of propidium iodide staining show that the cell apoptosis of macrophages has increased from 6.8% to 29.0% when the labeling time of ITRI-IOP was changed from 24 to 48 h (Fig. 7d) . Therefore, we have selected 24 h as the optimal labeling time of ITRI-IOP for macrophages. The average iron uptake in macrophages at 24-h labeling was calculated to be 5.725 pg/cell for ITRI-IOP. According to the density of iron oxide (5.17 g/cm 3 ) and the radius of the ITRI-IOP (10-15 nm), we estimated that 370,000 ITRI-IOP particles encapsulate approximately 1 pg of iron. Hence, the average ITRI-IOP loading is estimated to be 2.1× 10 6 particles per macrophage. Likewise, after 24-h coincubation with ITRI-IOP, optimal cell labeling was also achieved for both dendritic cells (Fig. 7b) and MSCs (Fig. 7c) .
Signal Sensitivity Evaluated by Phantom MRI
We investigated the MRI signal sensitivity of ITRI-IOP, compared with the other three types of commercially available or commonly used iron-oxide particles, by labeling cells in vitro and then performing MRI of the labeled cells suspended in agarose gel. No hypointense regions were observed in the MRI images of the unlabeled macrophages (Fig. 8a) . Hypointensity spots (in a strong to weak degree) can be clearly seen in the MRI images of macrophages labeled with MPIO (Fig. 8b) , ITRI-IOP (Fig. 8e) , and Feridex (Fig. 8c) . However, it is barely seen with USPIO (Fig. 8d) . We have found that ITRI-IOP-labeled macrophages exhibit larger and more significant areas of signal hypointensity than those labeled by Feridex and USPIO, and less cell aggregation is found compared with those labeled by MPIO. Each spot of hypointensity in the MRI images is believed to represent a single macrophage containing multiple iron oxide particles. The variations of the hypointensity in the MRI image of the ITRI-IOP labeled macrophages (Fig. 8e ) might result from different amounts of iron oxide particles taken up by each individual macrophage, which is also reflected by the heterogeneous signal intensity seen on the green fluorescence microscopy (Fig. 6a) . For the phagocytic dendritic cells (Fig. 8f-j) and nonphagocytic MSCs (Fig. 8k-o) , again, only MPIO achieved a degree of image hypointensities comparable with those of ITRI-IOP in the labeled cells; Feridex and USPIO provided much weaker and less significant hypointensities in the MRI images, probably due to the lower sensitivity or smaller amounts of iron oxide particles incorporated into the cells. These phantom MRI images indicate that ITRI-IOP is a sensitive contrast agent for T 2 *-weighted cellular MRI.
In vivo MRI and Ex vivo MRM After Infusion of MPIO-or ITRI-IOP-Labeled Macrophages into Rats with Transplanted Hearts
Compared with the uniform signal intensity of the left ventricle wall in the pre-scan images on POD 5 (Fig. 9a, d) , the in vivo MRI images on POD 6 show multiple punctate, hypointense spots (the arrows show a few representative spots among them) on the rejecting allograft myocardium after infusing either MPIO-labeled (Fig. 9b) or ITRI-IOPlabeled (Fig. 9e) macrophages. High-resolution ex vivo MRM images at 11.7 T with an isotropic resolution of 51 μm show clearer and more punctate spots of hypointensity, most likely due to the accumulation of macrophages labeled by the MPIO (Fig. 9c) or ITRI-IOP (Fig. 9f) . From the high-resolution MRM images, we have found that the diameters of hypointensity spots are approximately 100-150 μm (2-3 pixels) in both MPIO and ITRI-IOP-treatedmacrophage-containing rats (Fig. 9b, d) . We have not directly measured whether the hypointensity spots in Fig. 9 were caused by single cells or collections of cells. However, previous results from our laboratory and other research group show that a single particle of the 0.96 μm MPIO (same as the one we used) or a single cell labeled by the MPIO induced a hypointensity spot with a diameter of 100-200 μm [2, 15, 27] . Therefore, it is reasonable to conclude that these 100-150 μm diameter hypointense spots could be induced by a single labeled macrophage.
Histopathological Analysis
The iron-containing cells revealed by Prussian blue staining (Fig. 10a, iron shown as blue) correlate well with the ED1 + macrophages (Fig. 10b, macrophages shown as brown) in the areas with massive immune cell infiltration, disrupting the myocardial integrity as revealed by the H&E staining (Fig. 10c) . We have also observed that approximately all iron positive locations correspond with the locations of ED1 + macrophages in the pathology slides, implying that the iron is most likely incorporated in macrophages, not in myocytes or in random interstitial space; nor any free iron particle released from the cell (Fig. 10a, b) . These results again indicate that the modulated hypointense MR signal of the allograft heart is caused by the macrophages containing iron oxide particles. However, solely from the histopathological slides, we cannot distinguish whether the hypointensity of contrasts shown in the MRI images is caused by single cell because a cluster of ED1 + macrophages or a cluster of iron is commonly revealed depending on the cross-section of the cutting tissue (Fig. 10a, b) .
Discussion
In this study, we have characterized ITRI-IOP, a newly synthesized, nano-sized iron oxide particle, which has demonstrated a very high transverse relaxivity and is suitable for labeling both phagocytic and non-phagocytic cell types. The signal sensitivity of ITRI-IOP is superior or comparable to a variety of commonly used iron oxide particles, demonstrated by phantom MRI. Labeling the target cells is the first and the most important step in cellular MRI. Generally, phagocytic cells can be effectively labeled by various iron oxide particles, ranging from USPIO to MPIO. Upon systemic infusion, nano-or micron-sized iron oxide particles are preferentially internalized by phagocytic macrophages or dendritic cells in the RES system. For nonphagocytic stem cells, in vitro labeling with an assisting transfection agent is usually employed [28, 29] . In our study, efficient labeling and excellent MR images of MSCs (Fig. 8o) are accomplished by simply co-incubating the stem cells with ITRI-IOP, without the need of transfection agents or other supplementary procedures, probably due to the nano-size, the PEG coating, and the higher r 2 relaxivity that ITRI-IOP provides.
Sufficient intracellular iron content in a single cell and strong susceptibility effect are the prerequisites for detecting a small number of cells in vivo by MRI. To achieve in vivo MRI detectability and sufficiently label the resident macrophages in the RES system, a high dose of iron oxide particles is required. Feridex, for example, a dextran-coated SPIO, and the only iron oxide particle approved by the Food and Drug Administration (FDA), was injected intravenously at a concentration of approximately 14 mg of iron/kg in order to detect the iron-loaded macrophages in atherosclerotic plaque in rabbits by in vivo MRI [30] . In contrast, the FDA-approved dosage of Feridex is 0.56 mg of iron/kg in detecting liver tumors by labeling cells in the RES system during clinical studies. On the other hand, the newly synthesized PEG-coated ITRI-IOP provides a higher r 2 relaxivity than currently available dextran-coated nano-sized USPIO, and a higher r 2 relaxivity than Feridex, which is larger. In addition, a hydrophilic PEG coating, as has been added to ITRI-IOP, has been shown to enhance cell uptake and to lengthen the circulation time in the blood stream [31, 32] . An average iron uptake of 5.725 pg per macrophage was achieved in our study by directly co-incubating macrophages with microgram of ITRI-IOP particles in the culture medium for a period equals to or less than 24 h. Although much higher intracellular iron uptakes have been obtained in macrophages, dendritic cells or MSCs labeled with Feridex or with MPIO, we have found that cells labeled with ITRI- IOP demonstrate more significant MRI signal loss (hypointensity) than Feridex, and comparable with the micronsized MPIO in our phantom MRI study (Fig. 8) . The high MRI sensitivity of ITRI-IOP circumvents the necessity of using transfection agents [8] or extra procedures, such as electroporation [20] or magnetic enrichment [33] , to incorporate a large number of nanometer-sized particles for in vivo detection. Thus, ITRI-IOP can facilitate cell labeling and provide improved sensitivity in detecting a small number of cells accumulated at regions of interest, such as the sites of inflammation, tumor, and targets of stem cells in tissue regeneration.
Cellular uptake of iron oxide particles and the metabolic pathways of particles are affected by particle size, coating, and surface charge [34] [35] [36] . The nano-sized dextran-coated USPIO particles have a long blood half-life on the order of several hours, sufficient to be phagocytosed by macrophages or monocytes in the RES system [10, 37, 38] ; SPIO has a blood half-life in tens of minutes [8, 39, 40] , and MPIO particles in a couple of minutes [16, 41] . While both are coated by dextran, large-sized SPIO Feridex can achieve higher efficiency than the nano-sized USPIO in labeling monocytes [42] , which is demonstrated in our results as well. Interestingly, another study has shown that the improvement of in vitro cellular uptake of larger carboxydextran-coated SPIOs is rather due to surface properties than particle size, which may have large impacts on monocyte phagocytosis [31] . Studies have also shown that cationic surfaces facilitate cellular internalization [43, 44] . Accordingly, polycationic protamine sulfate was reported to bind on the dextran coating of iron oxide particles and modify the distribution of positive and negative surface charges, making these particles easily adhere to the cell membrane and facilitating uptake by the cell [45] . The uptake of negatively charged particles is also illustrated, which might be in the form of nanoparticle clusters secondary to non-specific 9 . In vivo allograft heart MRI at 4.7 T and ex vivo high-resolution magnetic resonance microscopy (MRM) at 11.7 T. In vivo MRI of the allograft heart before (a and d, pre-scan) and approximately 24 h after infusing the b MPIO-and e ITRI-IOP-labeled macrophages. For the pre-scan MR images, the myocardium of the allograft heart is quite uniform in signal. After cell transplantation, both in vivo images show punctuate hypointensity in the rejecting allograft heart myocardium (representative arrows pointing a few among them). High-resolution MRM of the same transplanted hearts infused with c MPIO-and f ITRI-IOP-labeled macrophages more clearly demonstrate the punctuate hypointense spots, compared with the corresponding in vivo ones. LV left ventricle cavity, RV right ventricle cavity.
particle adsorption on the cell membrane [46] . As demonstrated in our case, the improved cell internalization of ITRI-IOP in both phagocytic and non-phagocytic cell types is probably because PEG is solvable in both polar and nonpolar solvents and has a high solubility in cell membranes [47] . However, the actual size of PEG, which is potentially relevant for RES clearance time or the relativity of the iron oxide particles, is difficult to determine after coating it on the iron oxide particles. On the other hand, the applications of polymer-coated, non-biodegradable MPIO might be restricted to phagocytic cell types [48] . For the nonphagocytic cell types, the incorporation of MPIO might require additional procedures, such as an antibody-mediated approach [49] , which limits its usefulness in cell therapy studies.
Cytotoxicity and pre-activation of cells are other concerns in cell labeling by iron oxide particles. The pharmacokinetics and toxicity of dextran-coated USPIO or SPIO particles have been well studied [50] [51] [52] . Excessive particles in the circulation or in dead cells are cleared by the RES system, such as Kupffer cells. The particles are then degraded in the microenvironment of lysosomes, and the iron is released into the normal iron pool of the body. These studies have also shown that iron oxide particles do not cause long-term changes of the liver enzyme levels or induce oxidative stress. We believe that ITRI-IOP follows similar metabolic pathway as USPIO and SPIO particles, though their clearance by the RES is slower because of the PEG coating [53] . We have found that the blood half-life of ITRI-IOP is approximately 20 min in rats (results not shown). The in vivo bio-distribution of ITRI-IOP is very similar with the clinically approved Resovist [54] , i.e., mostly in liver, spleen, and bone marrow (details not shown). The effect of iron oxide particles on labeled cells have also been studied previously [8, 9] . Normally, labeling cells with SPIO or USPIO particles is well tolerated in vitro and does not inhibit differentiation or block cell migration in vivo [55] . Our MTT-based toxicity and proliferation assay also demonstrates that there is no significant decrease of cell viability compared with unlabeled macrophages or MSCs cells under an iron concentration of 50 μg/mL. In our study, the high viability rate (96%) and the 95% or higher incorporation for all three types of cells co-culturing with of ITRI-IOP for 24 h suggests that ITRI-IOP does not significantly affect cell viability and induce cell toxicity under an iron concentration of 25 μg/mL. The slight decrease of the iron content found in MSCs labeled longer than 24 h (80% of the optimal labeling rate, Fig. 7c ) may be due to the small percentage of cell apoptosis (6-8%, measured by the trypan blue exclusion test), or division of the labeled cells. However, the dramatic decrease of iron from 24 to 48 h (20-50% of the optimal labeling concentration) found in the macrophage and dendritic cells labeled by ITRI-IOP (Fig. 7a, b) is surprising and might be due to the fact that macrophages and dendritic cells are powerful phagocytic cells, and they could have reached their limit of internalizing foreign iron oxide particles in lysosomal vesicles by 48 h of co-culturing. The incorporated iron might be accumulated in the cells in different forms, possibly depending on the iron oxide particles used. Flow cytometry results of the macrophages have confirmed that the cell apoptosis has increased from 6.8% to 29.0% when the labeling time of ITRI-IOP was increased from 24 to 48 h. Studies have found that apoptosis could trigger cells to shed the iron-containing vesicles into the extracellular environment, producing vesicles in various sizes and probably various composition of iron [56] . Another possible reason could be that some of PEG-coated ITRI-IOP or the small dextran-coated USPIO could have been digested by hydrolytic enzymes in lysosome. Additionally, iron loss resulted from common cell death is also a factor need to be considered. The variations in iron digestion or cell death could be affected by the characteristics of the iron oxide particles, which need to be studied in the future. Therefore, we think all of the factors mentioned herein might contribute essentially to the variations of iron concentrations in the cells (Fig. 7) . On the other hand, MSCs are not phagocytic, and are relatively large cells, thus facilitating a slow yet continued incorporation of ITRI-IOP particles during 48 h of incubation. In addition, we have also found that multiple cell types, including macrophages and dendritic Fig. 10 . Histopathological analysis of the allograft heart tissue, after intravenously infusing macrophages labeled by ITRI-IOP into the rat: a Prussian blue staining shows the presence of iron (arrows indicating iron, shown as blue) in the myocardial tissue. b ED1+ staining shows multiple macrophages (arrows, shown as brown) at the corresponding locations of the myocardial tissue where the iron was present. c H&E staining shows massive mononuclear cell infiltration into the corresponding section of a rejecting allograft heart tissue.
cells, co-cultured with ITRI-IOP for 24 h do not induce detectable or significant pro-inflammatory cytokines, such as IL-1β, IL-6, or TNF-α. This indicates that the immunological profiles of the labeled cells are not altered by the labeling (results not shown). Of course, to better understand the longterm fate of iron incorporated into cells or the mechanism of iron metabolism in cells, further studies need to be performed, which is beyond the scope of this manuscript.
Conclusions
We have investigated a newly synthesized iron oxide particle, ITRI-IOP, and have evaluated its potential usefulness for cellular MRI. We have found that the r 2 relaxivity of ITRI-IOP is much higher than that of a variety of commonly used iron oxide particles, thus providing a potential advantage in T 2 *-weighted cellular MRI. ITRI-IOP readily undergoes efficient and non-toxic uptake by both phagocytic and non-phagocytic cells in culture medium without extra procedures and is highly sensitive for in vivo cellular MRI. Further studies with different immune cells specifically labeled with this particle may help monitor the migration of cells and interpret the role that a specific type of cells plays in immune responses, such as organ rejection, and help understand the mechanisms of organ rejection and other inflammatory processes.
